Extrusion, electrospinning, and microdrawing are widely used to create fibrous polymer mats, but these approaches offer limited access to oriented arrays of nanometer-scale fibers with controlled size, shape, and lateral organization. We show that chemical vapor polymerization can be performed on surfaces coated with thin films of liquid crystals to synthesize organized assemblies of end-attached polymer nanofibers. The process uses low concentrations of radical monomers formed initially in the vapor phase and then diffused into the liquid-crystal template. This minimizes monomer-induced changes to the liquid-crystal phase and enables access to nanofiber arrays with complex yet precisely defined structures and compositions. The nanofiber arrays permit tailoring of a wide range of functional properties, including adhesion that depends on nanofiber chirality. (5)]. However, re-creation of these functions in synthetic materials requires multiscale engineering of the composition, shape, and morphology of individual fibers, as well as control of higher-order organization of fibers into arrays. We address this challenge by building from studies reported in 1916 by T. Svedberg (6), who used the long-range molecular order and fluidity inherent to liquid crystals (LCs) to control chemical reactions, principles that have since been exploited in a wide range of transformations based on unimolecular reactions (7), molecular self-assembly (8), or polymerizations (9, 10). A key limitation of LC-templated polymerization, however, has been perturbation of the LC phase by monomers that are dissolved into the LC before the polymerization and then consumed during polymerization (9, 10).
S
urfaces decorated with oriented arrays of fibers are ubiquitous in the natural world because they can provide functions such as sensing [hair cells (1) ], thermal insulation [polar bear fur (2) ], enhanced mass transport [microtubules (3) ], extreme wetting properties [lotus leaf (4) ], and reversible adhesion [gecko foot (5) ]. However, re-creation of these functions in synthetic materials requires multiscale engineering of the composition, shape, and morphology of individual fibers, as well as control of higher-order organization of fibers into arrays. We address this challenge by building from studies reported in 1916 by T. Svedberg (6) , who used the long-range molecular order and fluidity inherent to liquid crystals (LCs) to control chemical reactions, principles that have since been exploited in a wide range of transformations based on unimolecular reactions (7), molecular self-assembly (8) , or polymerizations (9, 10) . A key limitation of LC-templated polymerization, however, has been perturbation of the LC phase by monomers that are dissolved into the LC before the polymerization and then consumed during polymerization (9, 10) .
Chemical vapor polymerization (CVP) is a versatile process that is compatible with a range of polymerization modes (Fig. 1A) , including reaction pathways using [2.2] paracyclophanes (11-13) (Gorham process) or halogenated xylene precursors (Gilch process) (14, 15) and free-radical ringopening copolymerization (ROP) using 5,6-benzo-2-methylene-1,3-dioxepane and [2.2]paracyclophanes (16) . CVP is widely used for fabrication of consumer products (e.g., electronics and packaging) because it enables rapid and inexpensive conformal coating of large surface areas with polymer films (12) . Whereas past studies used CVP to form continuous polymeric films on surfaces (11-16), we found that CVP of compound 1a into micrometer-thick supported films of nematic LCs (Fig. 1, B and C) resulted in the formation of surfaces decorated with aligned arrays of nanofibers (Fig. 1, D and E) . When nematic 4′-pentyl-4-biphenylcarbonitrile (5CB) was anchored on a silane-functionalized glass surface in a perpendicular orientation (i.e., homeotropic anchoring, Fig. 1D ), the nanofibers were straight and aligned perpendicular to the surface. Removal of the LC [confirmed by Fourier transform infrared (FTIR) spectroscopy and solidstate 13 C nuclear magnetic resonance (NMR) spectroscopy, figs. S1 and S2] revealed that the nanofibers were made of insoluble polymer, were anchored at one end to the surface, and were structurally amorphous ( fig. S3 ) yet optically birefringent, as confirmed by cross-polarized light microscopy ( Fig. 1F) . Insertion of a quarter-wave plate between crossed polarizers (Fig. 1, G and H) revealed that the refractive index was greatest along the fiber axis, consistent with electron diffraction patterns ( fig. S3B ), indicating alignment of polymer chains along the main axis of the nanofibers (Fig. 1I ) (17) .
CVP into films that lacked fluidity (crystalline solid 5CB, Fig. 2A ) or long-range order (isotropic liquid 5CB, Fig. 2C ; or silicone oil, Fig. 2D) did not yield nanofibers, indicating that longrange order and fluidity are both necessary requirements for the shape-controlled synthesis of nanofiber arrays (Fig. 2B) . Replacement of 5CB with nematic E7 (a mixture of cyanobiphenyls, Fig. 1B ), TL205 (a mixture of halogenated molecules, Fig. 1C ), or other nematic LCs ( fig. S4 ) yielded organized assemblies of nanofibers with well-defined yet distinct diameters (D) of 142 ± 11 nm in 5CB, 85 ± 9 nm in E7, and 69 ± 7 nm in TL205 (Fig. 2E) . We hypothesized that the nanofiber diameter is controlled by the extrapolation length x, which is defined as K/W, where K is the average Frank elastic constant for splay and bend of the LC and W is the surface anchoring energy density. If an inclusion (here, nanofiber) in a LC grows to a size that exceeds x, the orientation-dependent interfacial energy associated with interaction of the LC with the surface of the inclusion (WD 2 , where diameter D is the inclusion size) exceeds the energetic cost of elastic deformation of the LC (KD), and the LC will elastically deform around the inclusion (18, 19) . We tested the hypothesis that D ≈ K/W by using literature values of K at temperature (T) = 25°C (18, 20) and our experimental values of D to calculate W (Fig. 2E) . Calculated values of W were~10
with W TL205 > W E7 > W 5CB , a ranking that is consistent with (i) the theoretical prediction that W º (T NI − T) 2b , where the material constant b = 0.4 to 0.5 (22, 23) and T NI is the nematic-isotropic phase-transition temperature of the LCs (Fig. 2E) , and (ii) independent experiments that measured the relative values of W of these LCs ( fig. S5 ). We also found the average diameters of the nanofibers to depend on the temperature of the LC during CVP. For example, D increased with T (Fig. 2E and fig. S6 ), as theoretically predicted by x = K/W º (T NI − T) −b (22, 23) . Overall, these results are consistent with a mechanism of growth in which the elastic energy of the LC defines the nanofiber diameter (via x) and promotes preferential growth of the nanofibers along the alignment direction of the LCs.
We performed CVP of 1a using homeotropically oriented E7 films with thicknesses ranging from 5 to 22 mm and found that the lengths of the fibers closely matched the LC film thicknesses (Fig. 2F) . The result confirms growth of the nanofibers along the LC (figs. S7 and S8). We also found that monomers with a wide range of chemical functional groups could be polymerized in LCs by CVP (Gorham process), yielding (i) ethynyl-functionalized nanofibers 2 of 4 (E) Nanofiber diameters (left axis) obtained by CVP of 1a (6 mg) into E7 at 13°C (down triangle), 25°C (circle), 30°C (up triangle), and 5CB and TL205 at 25°C (circles). Red X's are the calculated surface anchoring energy densities (W, right axis) for each LC at 25°C. The inset table shows elastic constants (K) at 25°C and the nematic-isotropic phase transition temperatures (T NI ) of TL205, E7, and 5CB. (F) Nanofiber length as a function of either nematic E7 film thickness (black points) or mass of polymerized 1a for a LC film with thickness of 21.7 ± 0.5 mm (red points). Mean ± SD, n ≥ 10 measurements. (G to I) Representative SEM images of 2b (G), 2c (H), and 2d (I) templated into TL205. (J to L) Representative FTIR spectra of 2b (J), 2c (K), and 2d (L) templated into TL205. FTIR spectra of the nanofibers (red) are compared to polymer films synthesized without the LC phase (blue). LCs were removed before imaging and FTIR spectroscopy. a.u., arbitrary units.
for click-based reactions with azide derivatives (2b, Fig. 2G ), (ii) nanofibers that simultaneously present ethynyl and hydroxyl groups for reaction with azides and activated carboxylic acids (2c, Fig. 2H ), (iii) nanofibers without functional groups (2d, Fig. 2I ) as a nonreactive reference, (iv) polycationic pyridine-functionalized nanofibers (2e, fig. S9A ), and (v) water-repelling perfluoro-functionalized nanofibers (2f, fig. S9B ). Additionally, we used CVP into LCs to generate polymeric nanofibers with distinct main chains, including (vi) biodegradable polyester nanofibers (2g, ROP process, fig. S9C ) and (vii) semiconducting poly(phenylene vinylene) nanofibers (2h, Gilch process, fig. S9D ). When templated by nematic TL205, nanofibers made of polymers 2b to 2h were morphologically similar (Fig. 2, G  to I, and fig. S9, A to D) and possessed infrared spectroscopic signatures of the constituent chemical groups (Fig. 2, J to L, and fig. S9 , E to H).
LC ordering within films is influenced by interactions with confining surfaces, LC elastic moduli, and molecular properties of LCs, including chirality (19) , thus offering access to a diverse range of LC templates for CVP. For example, a film of nematic 5CB prepared with planar and homeotropic anchoring at bottom and top LC surfaces, respectively, leads to a bent and splayed internal ordering of the LC that templates banana-shaped nanofibers (Fig. 3A) . Smectic LCs, with a statistical layering of oriented molecules (19) , templated straight nanofibers with broadened tips arranged in conical fanlike morphologies (Fig. 3B) (24) . Chiral nematic phases (cholesteric) yielded shape-controlled and chiral nanofiber assemblies with micrometerscale periodicities (11.5 ± 1.5 and 11.3 ± 1.5 mm for S-and R-templated nanofibers, respectively) and an organization consistent with the fingerprint pattern characteristic of cholesteric films (periodicity of 10.8 ± 1.2 and 10.7 ± 1.1 mm for S-and R-handed cholesteric phases, respectively; Fig.  3C and fig. S10 ). The chirality of the LC also influenced the handedness of the nanofibers, as confirmed by circular dichroism spectroscopy of surface-immobilized and solvent-dispersed nanofibers (figs. S11 and S12) (25) . In contrast to all other LC phases, a three-dimensional network of helical nanofibers was formed by CVP into blue-phase LCs, reflecting nanofiber growth templated by a three-dimensional network of double-twisted LC and line defects (Fig. 3D) (26) . Overall, these results reveal that the shape, interfacial orientations, and morphologies of the nanofiber arrays are templated by the structure of the LC phase. The LC transition temperatures remain almost unaltered by CVP ( fig. S13 ), consistent with our conclusion (fig. S14 ) that the monomer concentration in the templating LC phase during nanofiber formation is low. These findings differ from conventional polymerizations in LCs, in which the dynamic interplay between the polymerization process and the LC template phase behavior makes control of the resulting polymeric nanostructures difficult and often leaves unreacted monomers in the sample (26) (27) (28) . Figure 4 , A to D, shows that CVP into conformal films of nematic E7 formed over the outer or inner surfaces of a hollow cylinder yielded arrays of nanofibers (97.5 ± 17.5 nm in diameter) anchored on the curved surfaces of the cylinder. On the inner surface, the density of the nanofibers decreased with increasing distance from the open end (Fig. 4D) . Mesoscopic nanofiber islands were templated from micrometer-sized LC droplets electrosprayed onto surfaces, thus providing a scalable approach for fabrication of arrays (Fig. 4, E and F) . We also found that free-standing LC films formed within metallic meshes or at the ends of capillaries (Fig. 4G ) templated organized nanofiber assemblies (Fig. 4, H and I) . Additionally, microbeads dispersed in LC phases before CVP supported 3 of 4 growth of nanofibers, and copolymerization was used to create nanofibers for coimmobilization of different biomolecules ( fig. S15) .
Overall, our results reveal that CVP into LC templates enables scalable fabrication of arrays of polymeric nanofibers with programmable shapes, chemistries, and long-range lateral organization, yielding interfacial properties currently unavailable by other techniques. For example, we found that it was possible to manipulate nanofiber chirality to control adhesion between surfaces. As shown in Fig. 4 , J and K, we measured adhesion to be higher for surfaces decorated with nanofibers than the corresponding flat CVP films, with the relative chirality of the nanofibers presented by the two surfaces also influencing the magnitude and selectivity of adhesion (Fig. 4K) . Other properties designed into nanofiber arrays prepared by LC-templated CVP include wettability, intrinsic photoluminescence, biodegradability, and surface charge (Fig. 4, J and K, and fig. S16 ). We envisage that additional functional properties can be realized by exploiting the full diversity of LC templates (17, 19) along with other polymerization mechanisms using vapor-phase delivery of monomers. 
